vantages, including the need to achieve adequate reduction prior to placement of screws and anatomical limitations resulting from the course of the vertebral arteries that can preclude screw placement or result in vertebral artery injury. 5, 11, 17, 24, 37 In an effort to overcome the limitations of prior techniques for C1-2 fixation, Goel et al. 13, 14 introduced an alternative method that used plate-screw fixation of C-1 lateral mass and C-2 pars screws. Essential to the technique of Goel and colleagues was routine bilateral sectioning of the C-2 ganglion to facilitate hemostasis of the venous plexus, provide wide exposure of the atlantoaxial joint, and facilitate screw placement, and for joint decortication and arthrodesis. In a series of 157 patients, Goel et al. 13 reported a 100% fusion rate and no neurological, vascular, or infective complications. Although not routinely assessed in their study, some patients noted at least some degree of sensory loss in the distribution of the C-2 nerve root, but this did not appear to be a significant concern.
Harms and Melcher 18 subsequently introduced C1-2 stabilization with C-1 lateral mass and C-2 pars polyaxial screws and rod fixation. Harms and Melcher did not sacrifice the C-2 nerve root and instead introduced a C-2 screw with a smooth unthreaded portion that projected above the bony surface of the lateral mass to minimize irritation to the C-2 nerve root and to facilitate connection to the rod. In their series of 37 patients they achieved fusion in 100% and did not encounter any neural or vascular complications, including C-2 neuralgia. 18 However, popularization and growing experience with the technique of Harms and Melcher has lead to an increasing number of reports documenting new postoperative onset of C-2 neuralgia, likely due to mobilization of the C-2 nerve root and/or direct irritation from the abutting screw. 4, 21, 23, [29] [30] [31] 33, 35 Some of these neuralgias resolve spontaneously, 4, 29, 31, 33, 35 some improve with screw removal, 23 and others are intractable. 4, 21, 30, 35 It is not uncommon for symptoms of C-2 neuralgia to accompany atlantoaxial instability, especially among the elderly, due to mechanical compression or injury of the C-2 nerve root. 3, 8, 20, 32, 34, 36 Surgery for occipital pain (C-2 rhizolysis, ganglionectomy, C-1 and C-2 decompression) has been recommended as a treatment option for greater occipital neuralgia after failure of percutaneous nerve blocks and medication. 10 There are many potential advantages to C-2 neurectomy for placement of C-1 lateral mass screws. These include a better ability to provide hemostasis of the venous plexus, improved visualization for screw placement, better access to the joint space for decortication and arthrodesis, ability to treat preoperative symptoms of C-2 neuralgia, and minimizing the risk of developing new C-2 neuralgia. However, C-2 neurectomy for placement of C-1 lateral mass screws remains controversial, likely due in part to a lack of studies that have specifically addressed whether it affects patient outcome.
We report a retrospective review of elderly patients who underwent routine sectioning of the C-2 dorsal nerve root and ganglion during atlantoaxial fixation. We focus on operative parameters, including surgical time and EBL, as well as whether arthrodesis is achieved. We also provide objective measures of clinical outcome, and specifically questioned patients regarding loss of sensation in the C-2 distribution as well as for C-2 neuralgia.
Methods

Study Population
This study was approved by the institutional review board of the University of Virginia Health System. We identified a series of consecutive patients, age 65 or older, who underwent C1-2 instrumented fusion using C-1 lateral mass and C-2 pedicle/pars/translaminar screws between August 2003 and January 2008. All patients as part of C1-2 fixation underwent bilateral C-2 neurectomies with sectioning of the ganglion. Pre-and postoperative Nurick grades (range 0-5, with 5 representing wheelchair or bed bound), 28 pre-and postoperative pain numeric rating scale score (range 0-10, with 0 representing no pain and 10 representing unbearable pain), 26 and postoperative NDI scores (range 0%-100%, with 0%-20% representing minimal disability, 21%-40% moderate disability, 41%-60% severe disability, 61%-80% crippled, and 81%-100% bed bound) 36 were the standard clinical measures used. We defined occipital neuralgia as the presence of lancinating pain into the suboccipital region. Operative, hospital, and clinic records were used to extract EBL, operative time, and complications. Two independent neuroradiologists assessed postoperative fusion at the 1-year mark using the Lenke fusion grade (Table 1) . 22 Patients were also assessed for C2-3 dermatome numbness or irritability. All patients were followed up for a minimum of 13 months. Paired ttests were used to assess statistically significant differences between pre-and postoperative outcomes measures.
Surgical Technique
Patients were intubated, and placed in a prone position, with the head in neutral 3-point fixation. Sterile prep was applied and the posterior elements of C-1 and C-2 were surgically exposed. The epidural venous plexus surrounding the C-2 nerve complex is typically prominent and often friable, and as encountered was coagulated with bipolar cautery and divided. Once the C-2 nerve root was adequately isolated, it was coagulated both proximally and distally to the C-2 dorsal root ganglion (Fig. 1 ). This step also typically facilitated coagulation and control of remaining portions of the epidural venous complex surrounding the C-2 nerve root and in the C1-2 foramen. Sharp division of the C-2 nerve root was then performed with excision of the dorsal root ganglion. Following C-2 neurectomy, the C-1 lateral mass and C1-2 joint were readily and clearly visualized, and the boundaries of the C-1 lateral mass were identified, including the starting point for the lateral mass screw. The C1-2 facet joints were subsequently decorticated with a curette or high speed bur. Approximately 3-5 cm 3 of morcellized bone allograft (cancellous chips) and an extra-small recombinant human bone morphogenetic protein-2 soaked sponge (2.1 mg, divided between the 2 sides) were then placed within and overlying the C1-2 joint space. In no case was autologous or structural bone graft used. Placement of fixation was conducted as described by Harms and Melcher. 18 Neurophysiological monitoring was used in all cases including motor and somatosensory evoked potentials. Use of recombinant human bone morphogenetic protein-2 and instrumentation as adjuncts for posterior cervical fusion are off-label uses of these products.
Statistical Analysis
Frequency distributions and summary statistics were calculated for all clinical, operative, and radiographic parameters. Paired-sample t-tests were used to assess statistical significance of the pre-to postoperative changes in measures of Nurick grades and pain numeric rating scale scores. Statistical analyses were 2-sided, and a p value < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS software, version 18.0 (SPSS Inc.).
Results
Patient Demographics
Forty-four patients met the inclusion criteria, including 23 men and 21 women. The mean and median ages were 71 and 75 years, respectively, and the age range was 67 to 89 years. Thirty patients presented with atlantoaxial instability as a result of trauma, including 12 patients with Type II/IIa odontoid fractures. The remaining 14 patients had instability from rheumatoid disease.
Clinical follow-up was achieved in 30 patients with a mean follow-up period of 36 months (range 13-72 months). Five patients in the trauma group were lost to follow-up. These 5 patients were similar demographically to the study group, and clinical chart reviews showed 4 of the 5 patients had a minimum of 4 months follow-up and had at least satisfactory results at last contact. One other patient declined to participate. Two other patients were unable to participate due to dementia related to end-stage Parkinson disease that compromised the ability to obtain informed consent for the study and to complete clinical questionnaires. The remaining 6 patients all died more than 6 months after surgery from unrelated causes (sepsis from urinary tract infection, traumatic intracerebral hemorrhage from a fall, pneumonia, stroke, kidney failure, and heart failure/natural causes).
Immediate postoperative radiographs confirmed appropriate placement of instrumentation and satisfactory reduction in all cases. In the 44 patients, the mean operative time was 129 minutes (range 87-240 minutes), and the mean EBL was 200 ml (range 100-350 ml). No reoperations were performed for this patient population.
Pain Relief
Of the 30 patients with at least 13 months follow-up (mean 36 months), 17 patients preoperatively reported both intense neck pain and lancinating pain in a greater occipital nerve distribution, consistent with greater occipital neuralgia. Another 7 reported less intense but significant occipital pain. All 24 patients with preoperative occipital neuralgia (80%) experienced relief of symptoms postoperatively. The mean pre-and postoperative pain numeric rating scale scores were 9.4 and 0.6, respectively, for all 30 patients (p < 0.001). For the 24 patients with preoperative occipital neuralgia, the mean pre-and postoperative pain numeric rating scale scores were 9.2 and 0.6, respectively (p < 0.001).
Of the 24 patients with preoperative occipital neuralgia, 12 were receiving neuropathic pain medications at the time of surgery (7 were taking gabapentin, 3 were taking pregabalin, and 2 were receiving both gabapentin and duloxetine). An additional 7 of the 24 patients were prescribed a trial of neuropathic pain medication, but discontinued the medication due to side effects. Of the 12 patients taking neuropathic pain medications at the time of surgery, 4 had a diagnosis of trauma and 8 had a diagnosis of rheumatoid disease. At the time of last follow-up, 9 patients had discontinued all neuropathic pain medications, and 2 continued to take neuropathic pain medications primarily for a concurrent diagnosis of diabetic neuropathy. The remaining patient, despite having near complete resolution of occipital neuralgia, continued to take gabapentin because she was anxious about ever discontinuing any of her rheumatoid medications.
Outcome Scales
The mean preoperative Nurick grade was 3.7, which improved to 1.0 postoperatively (p < 0.001). Table 2 shows the pre-and postoperative Nurick grades for the 30 patients in a grid format (for example, there were 8 patients with a preoperative Nurick grade of 3 and a postoperative grade of 1). No patient reported allodynia at follow-up. Seventeen of the 30 patients noticed numbness only during examination in clinic. Of the 2 patients who reported numbness, it did not impact their daily function. Of the patients evaluated, 97% had a Lenke fusion grade of A or B.
22 The 1 patient who did not have a solid fusion did have a clinically satisfactory result with pre-and postoperative Nurick grades of 3 and 0, respectively. This patient had poorly controlled rheumatoid disease and was unable to tolerate disease-modifying agents. Table 3 shows the postoperative Nurick grades, NDI scores, and Lenke fusion grades, as well as overall satisfaction from surgery. Two patients with solid fusion continue to have reduced neck pain only. The mean postoperative NDI score was 7.3%, and the overall patient satisfaction rate was 93% (Table 3) .
Complications
Five complications occurred in this elderly population (all with a history of trauma). These complications included transient hyponatremia (resolved), hospital-acquired pneumonia, altered mental status from anemia of chronic disease (patient refused transfusion due to religious reasons), and deep vein thrombosis. One patient experienced hallucinations believed to result from treatment of incidentally found hypertension.
Discussion
Atlantoaxial instability can result from multiple pathologies, and when significant is often best treated with reduction and fusion. The techniques to achieve C1-2 reduction and fusion have evolved considerably over the years, and among the most currently favored is segmental fixation with C-1 lateral mass screws and C-2 screws (pars, pedicle, or laminar). [12] [13] [14] 18 This approach offers several advantages, including the ability to reduce C1-2 subluxation and to provide immediate rigid fixation. However, control of the often-brisk bleeding from the venous plexus, access to the C1-2 joint space for adequate decortication and arthrodesis, and access to the lateral masses of C-1 for screw placement are all hampered by the exiting C-2 nerve root and ganglion. The original description of the technique by Goel et al. emphasized the importance of sectioning the C-2 nerve roots, and this remains routine practice for many surgeons who place C-1 lateral mass screws.
1 Nevertheless, C-2 neurectomy for placement of C-1 lateral mass screws remains controversial, likely due in part to a lack of studies that have specifically addressed whether it affects patient outcome.
In this paper we report our experience in an elderly population who underwent C1-2 segmental instrumentation and arthrodesis that included C-2 neurectomy. These procedures were accomplished without any intraoperative complications, with an acceptable number of perioperative (mostly medical) complications, and with an acceptable mean operative duration (129 minutes) and EBL (200 ml). At follow-up, patients showed substantial improvement in objective measures of clinical outcome, including Nurick grade and pain numeric rating scale score, and all but 1 patient (with severe rheumatoid arthritis) attained fusion. The overall patient satisfaction rate was 93%. No patient reported allodynia at follow-up. Numbness in the C-2 distribution was only detected on examination in 17 patients and was reported by only 2 patients, neither of whom were bothered or affected by it with regard to daily function. Notably, of the 30 patients with more than 13 months follow-up, the vast majority (80%) had preoperative complaints of occipital neuralgia, and all 24 of these patients experienced relief of symptoms postoperatively. Several prior reports document experience with C1-2 segmental instrumented arthrodesis without C-2 neurectomy. 7, 18, 21, 23, 30, 33, 35, 38 Among these reports, the mean surgical duration varies considerably, from 83 minutes 35 to 169 minutes, 21 with overall ranges in time from 35 minutes 35 to 240 minutes. 29 The mean operative time in the present study (129 minutes) is comparable to these prior reports. The mean EBL in prior studies ranged from 123 ml 23 to 730 ml, 21 and the overall range was from 50 ml 35 to 1500 ml. 21, 35 The mean EBL in the present study (200 ml) also compares favorably with these prior reports. Also of note, the maximum EBL in the present study was 350 ml, which contrasts with maximum EBL in other studies in which C-2 neurectomy was not performed (800 ml, 29 1000 ml, 33 1500 ml, 21 and 1500 ml).
35
In addition, several prior reports of C1-2 segmental instrumented arthrodesis without C-2 neurectomy document breeches by C-1 lateral mass screws, including into the spinal canal, and vertebral artery injury from screw placement. 21, 31, 35 In contrast, in the present series these screw breeches were not encountered and no vertebral artery injuries occurred, which we attribute, at least in part, to the excellent visualization of the landmarks of the C-1 lateral mass provided by C-2 neurectomy.
Among prior reports of C1-2 segmental instrumented arthrodesis without C-2 neurectomy, fusion rates ranged from 92% to 100%. 7, 18, 21, 35, 38 The 97% fusion rate in the present study compares very favorably with these prior reports, especially considering that the present study population is confined to elderly patients, including a substantial number with rheumatoid disease.
Of concern are the ever increasing number of reports documenting the occurrence of new-onset occipital neuralgia following C1-2 segmental instrumented arthrodesis without C-2 neurectomy. 4, 21, 23, [29] [30] [31] 33, 35 These symptoms are believed to arise from manipulation of the C-2 nerve root and from direct irritation of the nerve root by the unthreaded portion of the C-1 lateral mass screw protruding from the lateral mass. In addition, compression across the C1-2 joint space, in an effort to facilitate arthrodesis, may also contribute to C-2 nerve root compromise. Notably, in the present series, there were no cases of new-onset occipital neuralgia. On the contrary, 80% of patients had preoperative occipital neuralgia, and in all of these patients this was relieved following C1-2 instrumented arthrodesis with C-2 neurectomy. It is important to recognize that there are alternative surgical treatments for C-2 neuralgia, such as decompression and fusion, but it has been our experience that C-2 neurectomy does provide effective and predictable relief of C-2 neuralgia, especially in elderly patients with significant C1-2 collapse, such as that frequently encountered with rheumatoid disease.
The primary limitation of this study is the retrospective design. In addition, this assessment did not include an internal control group, which limits the ability to directly compare outcomes with cases in which C-2 neurectomy was not performed. However, our objective in the present study was not necessarily to demonstrate superiority of one technique over another, but rather to demonstrate that inclusion of C-2 neurectomy does not produce morbidity or negatively affect outcome. Adequate historical controls in the literature were available to demonstrate that the blood loss, operative times, morbidity, and outcomes in the present study are not negative outliers.
Conclusions
Routine C-2 neurectomy during atlantoaxial screwrod fixation provides an opportunity for a relatively controlled operative experience with regard to blood loss, operative time, and exposure of the C1-2 joint for decortication and optimization of fusion. In addition, in the present series there were no cases of new-onset postoperative C-2 neuralgia, a complication that continues to be well documented in patients who undergo the same procedure without C-2 neurectomy. In objective patient analysis, postoperative effects from C-2 neurectomy are minimal with substantial benefit to patients with prior occipital neuralgia.
